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(54) Solid-state lithium secondary battery 

(57) A solid-state lithium secondary battery having 
high safety and being free from the formation and growth 
of lithium dendrites Is disclosed. It comprises a cathode 
having as an active rhaterial at least one compound se- 
lected from the group consisting of oxides and sulfides, 
of a transition metal. a lithium ion-conductive solid elec- 



trolyte of a glass comprising Li2S, and an anode having 
as an active material a metal (such as In, Pb, Zn, Sn, Sb, 
Bi, Cd, Ga and Ti) capable of forming an alloy with lithi- 
um, wherein at least one of the cathode active material 
and anode active material contains lithium. 
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The present invention relates to a solid-state lithium secondary battery using a lithium ion-conductive solid electro- 

.«r,o!!'r 'H^ ^''?"' °' '^^'^P^*^' and light-weight portable electric or electronic equipment such as video- 

2?.. ? .T" """""'^^ ' "^"^^'^ °' '^"'y "^^^^ '^^^^ increasing deLnd for a seconS^ 

SnTo H ^ '° ^^'^^ '^-'^ power source. Under such circumstances, varbus sidles htve 

been focused on a lith.um secondary battery as a baUery which can provide a high energy density because I rhinm^! 
a metal which has a small atomic weight and can offer a large ionization energy. ^' " 

whP J™,L7 ''^"^'^ above-mentioned applicatbns nomially uses an organic electrolyte Therefore 

^tir , 1 f °' ""'P'^y^^ '^^t^' ''3ble to form an alloy w'th lithiur^ and 

,o ST . H ^""'^ " ^'''"''^ ^ bonding ability of the actrmaterS 

lllT T ^'^'^f ! ' ^'"''''^ °" '"^ phenomena may cause a decrease n an 

efSl "Jh ' ^ °' ^"'^^'^^ °' a result of reaSbn with the 

electrolyte, and an increase in impedance at some regions of the battery. 

As a result, a current may concentrate on other regions of low impedance, thereby causing a formation of dendrites 

sr-c^^^n^nlSeTe^SS^ ' ^'^^ '^'^^ ^ — ■ -ra'^^rer:; 

or ^>^iL^^T' T"""' '^^"^^ '^"^'^ «"^P'°Vs a solid electrolyte comprising a halide such as lithium iodide 

Z^. tI 7 ^'^ P^°^'^« « ^^'9^ impedance region because of formation of a halide on the surface of ihTmeS 
fm^in ■ 1 'T^ °' ''P' ^'^ susceptible to the problem of the current concentration on rtT tow- 

Lr^jrventu^ 1. ^'^^ ^^'^ °' electrochemical reac.ion7n these regions 

andeventuallydecreasestheapparentsurfaceareaparticipatingintheelectroch^^ thebattTr^ 
Of this typo IS susceptible to a disadvantage of dotorloratcd charge/discharge cycle performance as a rochargeable 

nro "J^T '° overcome the problem of the dendrite femiation and to improve the reliability of the battery it has been 

Of cS2 I " TT r ^ i'"^ betweer^^tS layers 

of carbon, or to add a dendrite formation inhibitor to the electrolyte 

proposals however failed to completely suppress the fomiation of dendrites when the battery was subjected 
oro^n';^ ^ TT! '^ZT^ '^'^^S'"^ ^ '^^9^ ^^"^'^y "'hium secondary batteruShe 

due to the. dendrite fomiation and the subsequent short-circuiting between the anode and the cathode. 
^ SUMMARY OF THE INVENTION 

inJ^r^'"^' to address the above-mentioned problems of the prior art batteries, preferred embodiments of the present 
Z^Ti^ZZlTJT "♦•^7.^--^^^ '^^"-^ -h-h -«-ctiveV prevent the dendrrte formation in t^e ancS 

Inlii ? ^'"^^ '^^^^ i"«v'table in the use of an organic electrolyte 

or a solid electrolyte containing a halide as in the prior art. eieoiroiyie 

The present invention provides a solid-state lithium secondary battery comprising 

su^ideVrat^sS^m'^tir '^'^^ ^^'^'^'^ '^^'^''^ °' . 

a lithium ion-conductive solid electrolyte of a glass comprising LigS, and 

an anode having as the active material a metal capable of forming an alloy with lithium 

F^examl'm!! 1 ^'^°^«-":'«"'«ned cathode active material and anode active material contains lithium 

rr^JZ^T^ \Tl ^"''"^ "^'^"^^ °' "^^"'^'"^ "'^'""^ a' "s Charged state, while the active 

material of the cathode contains lithium at least in its discharged slate 

alloJ".l^nni7'l r'"^'"'^"' °' a'^**^^ °' the anode is a single metal or an 

alloy composed of two or more metals selected from the group consisting of In, Pb. Zn, Sn. Sb, Bi, Cd Ga and Ti 

cons'sl^g onrptz^'srSb^t C^^^^^^^^^ ^roup 

cJ:,:T^z:Tr;:^ ::^ZeT °' ^^'^^ "^'^'^^ °' --^^ - - --^v 

state'of^hfbattrr^.""^"^'' ^""^^ °' '""^ " '""^ ^""^^ '^"^ '"^^""^ ^^e charged 

...«1^H r'^H^ embodiment of the present invention, the active material of the cathode is at least one compound 
selected from the group cons^t.ng of. Li.CoO^. Li^MnO^, Li.Mn^O,, Li^NiO^. Li.-ns^. Li^MoSg, and Ls^MoeS^ (wherein 
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X ^ 0). 

In another preferred embodiment of the present invention, the solid electrolyte further comprises at least one member 
selected from the group consisting of SiS2, AI2S3. Po^S' ^nd B2S3. 

In still another preferred embodiment of the present invention, the solid electrolyte further comprises at least one 
5 member selected from the group consisting of LioO. Li3P04. LioS04, and Li2C03. 

While the novel features of the present invention are set forth particularly in the appended claims, the invention, 
both as to organization and content, will be better understood and appreciated, along with other objects and features 
thereof, from the following detailed description taken in conjunction with the preferred embodiments. 

10 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A solid-state lithium secondary battery in accordance with the present invention employs a solid electrolyte in a 
glass state represented by Li2S-X or Li2S-X-Y, wherein X represents at least one member selected from the group 
consisting of SiS2, AI2S3, P2S5, and B2S3, and Y represents at least one member selected from the group consisting 
IS of Li20, Li3P04, Li2S04, and Li2C03 for its electrolyte layer. 

Since these glass solid electrolytes do not contain any halide, they do not form any high impedance layer or region 
on the surface of the anode due to the reaction of the metal active material with the halide. 

Further, since the solid electrolyte is in close contact with the surface of the anode, the anode active material is 
effectively prevented from falling off from the electrode even if the active material is reduced into minute particles by 
20 possible alloying with lithium, and il demonslrales a preferable function in increasing the surface area which can partic- 
ipate in the reaction. As a result, current distribution on the electrode is made uniform, and no lithium dendrites are 
formed; thus a short-circuiting inside the battery due to the dendrite formation can effectively be prevented and it is 
possible to obtain a lithium secondary battery having a very high reliability. 

When the composition of the solid electrolyte is represented by the formula aLi2S-(1 -a)X or bY-{1-b)[aLi2S -(1-a)X], 
25 it is preferable that 0.3<a, and b<0. 3. 

In case of using powder for the electrode active material, It is preferable to prepare an electrode by mixing the active 
material powder with the powder of the solid electrolyte. The mixing ratio of the cathode active material powder to the 
solid electrolyte powder is preferably in a range.of 3:7 to 9.5:0.5 (active material: solid electrolyte). Further, it is preferable 
to prepare the anode by mixing 25 wt% or more of the electrolyte powder with the alloy powder. 
30 A solid electrolyte consisting of sulfides only has a low decomposition potential of 3 - 3.5 V (vs. U+/Li). For this, if 

this electrolyte is employed in a battery which uses an oxide of a transition metal generating a high electromotive force 
of about 4 V (vs. L\*/L\) for the cathode active material, the electrolyte is oxidized and decomposed. Therefore, it is 
possible to use LIqS-X-Y in the present inventbn as the electrolyte for a battery which uses an oxide of a transition metal 
for its cathode active material. 

-35 In the embodiments which will be described later, the solid electrolyte was prepared in the following manner. More 

specifically, after mixing the predetermined amounts of the raw materials, the mixture was put in a crucible made of 
glassy carbon and allowed to react in a flowing argon gas at 1,000''C for 2 hours, and the obtained molten reaction 
product was quenched ultra-rapidly by means of a twin roller to give the solid electrolyte glass (in an amorphous state). 
In the following paragraphs, the present invention will be described in more detail with reference to the preferred 

40 embodiments. Procedures in the following examples were all performed in a dry box filled with an inert gas. 

Example 1 

A lithium secondary battery was configured by employing an indium (In) foil as the anode active material, a 
^ 0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion -conductive solid electrolyte and lithium cobalt dioxide (LiCo02) 
as the cathode active material, respectively. Details thereof are shown as follows. 

First, the lithium ion-conductive solid electrolyte in a glass stale represented by the formula 
0.01 Li3PO4-0.63Li2S-0.36SiS2 was pulverised in a mortar lo have a particle size corresponding lo 100 mesh or snnaller. 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 1.0 mm. 
50 Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium ion-con- 

ductive solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by punching the indium foil having a thickness of 0.1 mm into a disk having a diameter of 
1 0 mm. Thereafter, a solid-state lithium secondary battery was configured by sandwiching the above-mentioned molded 
S5 solid electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 i^iA/cm^. As a result, there was no decrease in the charge/discharge capacity of the battery from its initial 
value even after 1 .000 cycles. The charge/discharge efficiency was maintained at 100% throughout the repeated charg- 
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lithium secondary battery which emninvc; on r^mani^ ^i^^t. « . 1 nousea in a battery casing. A 

carbonate solution into the batterySg ' ^ ^ ^"^'CKIO, propylene 

its ir.i.iai value, accounting for abom fol S nftiaTvaluJ' A ter abf fs'n' h '^'^'^ "^^^'^'^'^ ^"'^^'^ ' 
in the Charge/discharge capacity ^^as recoanizrd Id £ nif f .f k '^'"^ ^""^ discharging cycles, a decrease 

Comparalive Example P 
forc^rSSS'p'^^^^^^^^^^^^^ 

^oni:;T:ZToTZ aS' a;\ro:lr ^^^^'^^ -^^^^^^-^ ^'-^-^^-^ =VC,es at a current 

Comparative Example 3 

the s'c^iXtSe" ' '^"'^ .^'"'^^ '° ''^^ '^^'^'^'^ -"^^9ured using a 0.6Li3S-0.4B,S3 glass as 

dens^^onX'^'r''^^ 

Comparative Example 4 - 
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Example 31 

A lithium secondary battery was configured by employing an indium (In) powder as the anode, a 
0.0lLi3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion -conductive solid electrolyte and lithium cobalt dioxide (LICoOo) 
5 as the cathode, respectively Details thereof are shown as follows. 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
O.Ol Li3PO4-0.63Li2S-0.36SiS2 was pulverized in a mortar to have a particle size corresponding to 1 00 mesh or smaller, 
and'the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 0.5 mm. 

Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium ion-con- 
^0 ductive solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
. a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by mixing the indium powder with the above-mentioned pulverized product of lithium 
ion-conductive solid electrolyte in the glass state at a weight ratio of 2:1 . and the mixture was press-molded into a disk 
having a diameter of 10 mm and a thickness of 0.1 mm to give an anode. 
IS Thereafter, a solid lithium secondary battery was configured by sandwiching the above-mentioned molded solid 

electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 fiA/cm^. As a result, the charge/discharge capacity of the battery showed no decrease from its initial 
value even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during 
20 the repetition and the battery operated stably. 

When this lithium battery was disassembled in its charged state to observe the state of an Interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In addition, the results of measurements of the changes in impedance by aging, performed by placing the battery 
in its charged state in a thermostat at 80® C, showed no change in the impedance even after 1 .000 hours. 

25 

Example 32 

A procedure similar to that in Example 1 3 was followed for configuring' another solid-state lithium secondary battery 
except for the use of indium-lead alloy foil for the anode. 
30 The indium-lead alloy was obtained by bringing an indium foil into close contact with a head foil at an atomic ratio 

of 3:2 by pressure, and alloying both to effect solid phase reaction in an argon atmosphere at 200^*0 for 48 hours. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 piA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during the 
3S tests and no change was observed on the charge/discharge curve. 

When this lithium secondary battery was disassembled in its charged state to observe the state of an interface 
between the anode and the solid electrolyte through a microscope, any formation of dendrites was not recognized. 

In addition to the specified anode metals shown in the above-mentioned examples, a technical advantage similar 
to that of these examples is obtained by using any of indium, lead, tin, zinc, cadmium, antimony, bismuth, gallium and 
^ titanium, or any alloy composed of any two of these metals. 

Example 33 

A lithium secondary battery was configured by employing an indium-lead alloy (0.5ln-0.5Li) foil as the anode active 
^ material, a 0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide 
(LiCo02) as the cathode active material, respectively. Details thereof are shown as follows. 

First, the lithium Ion -conductive solid electrolyte in a glass state represented by the formula 
0.01 Li3PO4-0.63Li2S-0.36SiS2 was pulverized in a mortar to have a particle size corresponding to 100 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 1 .0 mm. 
so Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium ion-con- 

ductive solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by punching an indium-lead alloy (O.SIn-O.SLi) foil having a thickness of 0.1 mm into a disk 
having a diameter of 1 0 mm. To prepare the indium-lead alloy foil, an indium foil and a lithium foil were laminated together 
55 and brought into close contact at an atomic ratio of 1 : 1 by pressure to cause alloying, and rolled to a thickness of 0. 1 mm. 

Thereafter, a solid-state lithium secondary battery was configured by sandwiching the above-mentioned molded 
solid electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repealed charging and discharging cycles at a current 
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Charging and discharging cycles and the battery operated stably ^ugnoui ine repe;^ted 



Examples 34 - 62 



Batteries were configured by repeating the procedures disclosed in ExamDie 33 sxceot that niffor^nt ^=..^ . 

6 be'o: Vtre^Stt''' '''""T ''^^ corn?n'al';rsS3^^^^^^^^^^^ . 

6 below. These batter.es were evaluated in a manner similar to that in Example 33 Table 4 Table 5 and Tltp fi 1?,^ 

am"'?3a °' °" ''^^ '""^"^^ '^^""^"^^'^ ca^binationttogethe^wth me?^^^^^^^^^^ 



10 



EP 0 704 920 A1 



c 

o 

cc 
E 
o 



■o 
c 

03 

Q 



<0 <D (D <D O (DO<D<I>(D 

ooooooo'ooo 



0) 

c 

CJ 
0) 

a 
c 



o o 

o o 

O CD 

CVJ y- 

A A 



o o o 

O Q O 

^ CO m 



o o o o o 
o o to o in 

O C7» CVJ 



CD 
05 



cc ■ 

-C 

o 



oootooooootn 

OojOcdOOvJi— T— oo 



.«3 



CD 
T3 
O 

c 

< 



O O O O O O CD Cp o 

in.mtncDCDCDcoco^m 
c3>c>docDC)C>oOd 



CM 

CO 
CO 
CD 
CO 

9 

CO 



CO CO <^ CO CO 

CO CO < Q_ CQ 

^ ^ 

9* 9 d cp o 

^. CO CO CO 

— ' — J 

(D CD CO CD CD 

d CD Q o o 



iS 

CD 

o 

CO 



CO 


CI 


CO 


CO 


CM 


OJ 


CQ 


CO 


CD 


CJ) 


CO 


CO 




<? 


CO 


CO 


CM 


CM 


-J 




a> 


CT> 


uo 


ID 


d 


d 










CL 


a. 


o 


cn 




_J 


CM 


CM 


O 


O 


d 


d 



05 CO 

CO (73 

<Ji Oi 

CO CO 

P P 

CO CO 

— i 1-1 

CJ> CD 

in ir> 

d d 

6 6 
_l _l 

CVJ CVJ 

O O 

d d 



cc 

CC 

a 



II 1- 

3< H 



^ o ^ 

II II II 



O ^ <^ CO CO O O 



CO^'d-tOCDh-GOCDO 
CO CO CO CO 



_ _ 1- CVJ 
CO CO CO 



-2 

Q. 

£ 

CC 



11 



EP 0 704 920 A1 



10 



IS 



20 



CDCDCDCDC3©C)0(D 

oooooooooo 



05 
C 



u 
c 



o o 

^ 8 



s s 

00 r*. 



o o 

CD 



0) 

CU ' 



oooooounooS 
aaaaaaaaaa 



O O O Oi C5 O CD O O O 

loincDiomioiocDcDco 
o o o o d d o o o o 



CJ <M oj <M cvi 



I 02' CO- CO' ^ ^ c^" of a? 



COCOCOCOCOCOCOOCT 

Idoooododd 



CM C\J 



-S^ .J?vi ^ cvj 

CDCpCpCpCDCOCOcOcpcp 

oododddddd 

o" o" o" o" 

COOCLCLQ.CLCLQLGLCL 

.S^ .-£? .J? ._P C*) CD CO 



ppppoooooo 



p 

- . "iT Si ^ 

■p CO c\j CM oj <M o o 

CD O O O — - ~ 



12 



EP 0 704 920 A1 



03 

E 
o 



<r> 
Q 



oooooooooo 



c 

CD 
O 

(D 
(_> 
C 
03 

■o 

CD 

Q. " 

E . 



o o o o o 
o o o o o 
CO in o 



8 8 

CD 



a: 



CO ■ 

o 



o o o o o o o 

ID O O O O O O 
O ^ CO 1- O CM 



o o 



o 

o 
c 
< 



_J -J 

CO o 



in in ^ ^ ^ ^ 

-Q C C Jp >i >? 



o 

O CD d o o o O o CD ^ 



CD 

o 

CO 



cn en 

In o) 
to to 

CO CO 

<M CM <M CJ 



CO CO 

CD CD 

CO CO 

9 9 

CO CO 



CM CJ oa CVi CM CM 

- - - - <^ CO 

CO CO 

in in 

CO CO 

9 9 

CO CO 



w CO 

CO CO 

in in 

CO CO 

CD Cp 

CO CO 

CVi CM 



CM 



CO CO 

in in 

CO CO 

9 9 

CO CO 

CM CM 



CO CO 
CD CD 

9* 9 
^ J? 

O O 

CL CL 



CO CO 

CD CD 

9 9 

J? J?" 

O O 

Q_ Ql 



cn CO 

CD CD 

O CD 

CL CL 



CO CO 
CD CD 

9 9 
J?" ^ 
O O 

_ CL Ql 
CO o o o 



CO CO 
CD CD 

9 9 
J?" J? 

o o 

CL Q_ 



^T-(>iC\JCNJCMC\JC\JCMC\J 
OOOOOOOOOO 
CDCDOOOOdOOO 



E 

CO 

o 



O 

ii II 



CM CM CM 



^rt ^ ^ <^ <^ 

i i <3 <3 <3 9 <2 9 <S 9 



03 



CO-^tLn.CDf^CDOiO r-CVJ 

inLnLninininmcD co.co 



13 



10 



15 



EP 0 704 920 A1 

Comparative Example 5 

For comparative purpose, an electrode assembly was configured by employing an indium-lithium alloy (0.5ln-0.5Li) 
foil disk having a diameter of 10 mm and a thickness of 0.1 mm and a press-molded disk of lithium cobalt dioxide 
(LiCoOo) powder having a diameter of 10 mm and a thickness of 0.5mm as the anode and the cathode active material 
respectively. The disks faced each other, via a separator made of polyethylene resin placed between both disks and 
were housed in a battery casing. A lithium secondary battery which employs an organic electrolyte was configured by 
injecting a 1 M-LiCI04 propylene carbonate solution into the battery casing. 

- The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 nA/cmS. As a result, the discharge capacity of the battery at the second cycle remarkably differed from 
Its initial value, accounting for about 30% of the initial value. After about 80 charging and discharging cycles, a decrease 
in the charge/discharge capacity was recognized, and the battery finally became unable to be charged or discharged 
after the 250th cycle. On the observation of disassembled battery, it was found that the anode indium-lithium alloy foil 
was reduced into minute particles and partly fallen off. It was further found that dendrites of lithium were formed and 
penetrated the separator at parts which had not fallen off. 

In addition, the results of measurements of the changes in Impedance by aging, performed by placing the batteries 
of similar configurations in their charged state in a thermostat at 80^C. showed a change in the impedance at the initial 
stage of the measurements. This change is considered due to possible passivation of the surface of the metal anode. 

Comparative Example 6 

. A battery similar to that in Example 45 was configured, using a 0.45Lil-0.35U2S-0.2SiS2 glass as the solid electrolyte 
for comparative purpose. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
25 density of 100 ^A/cm2. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles, and no increase in the ceil voltage occurred during the 
charging operation after a lapse of 300 cycles. As a result of disassembling the lithium secondary battery and the sub- 
sequent observation through a microscope on the state of the interface between the anode and the solid electrolyte a 
formation of dendrites was obsen/ed. The failure in. the charging operation may be caused by possible short-circuitinq 
30 due to the formed dendrites. 

In addition, the results of measurements of the changes in impedance by aging, performed by placing the batteries 
of similar configurations in their charged state in a thermostat at SC^C, showed an increase in the impedance after 20 
hours. 

^ Comparative Example 7 

For comparative purpose, a battery similar to that in Example 45 was configured using a 0 SLi^S-O 4BoSa qiass as 
the solid electrolyte. - ^ j » 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 laA/cm^. As a result, a phenomenon of gradual decrease in discharge capacity of the battery was recog- 
nized with the progress of charging and discharging cycles. In addition, the results of measurements of its impedance 
performed at each rest period after the charging operation in the course of repeating charging and discharging cycles' 
showed an increase in the impedance with the progress of the cycles. This suggests that a decomposition of the solid 
electrolyte may occur in the course of repeating charging and discharging cycles. 

Comparative Example 8 



40 



45 



For comparative purpose, a battery similar to that in Example 33 was configured by employing a 0 SU^S-Q 4P^S^ 
glass, LiNiOg, and a lead-lithium alloy (0.6Pb-0.4U) as the solid electrolyte, the cathode active material, and the anode 
^ metal, respectively. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 ^A/cm^. As a result, a decrease in discharge capacity of the battery by ten and several percent was 
recognized with the progress of charging and discharging cycles, in addition, the results of measurements of its imped- 
ance, performed at each rest period after the charging operation in the course of repeating charging and discharging 
cycles, showed an increase in the impedance with the progress of the cycles. This suggests that a decomposition of 
the solid electrolyte may occur in the course of repeated charging and discharging cycles. 
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Example 63 

A lithium secondary battery was configured by employing an indium-lithium alloy (0.5ln-0.5Li) powder as the anode, 
a 0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide (LiCoOo) 
s as the cathode, respectively. Details thereof are as follows. 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
0.01 Li3PO4-0.63Li2S-0.36SiS2 was pulverized in a mortar to have a particle size corresponding to 1 00 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 0.5 mm. 
Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium ion-con- 
10 ductive solid electrolyte in the* glass state at a weight ratio of 2:3, and the mixture Was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5. mm to give a cathode. 

An anode was prepared by mixing the indiumlithium alloy (0.5ln-0.5Li) powder with the above-mentioned pulverized 
product of lithium ion-conductive solid electrolyte in the glass state at a weight ratio of 2:1. and the mixture was 
press-molded into a disk having a diameter of 10 mm and a thickness of 0.1 mm to give an anode. 
15 Thereafter, a solid lithium secondary battery was configured by sandwiching the above-mentioned molded solid 

electrolyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 ^lA/cm^. As a result, the charge/discharge capacity of the battery showed no decrease from its initial 
value even after 900 charging and discharging cycles. The charge/discharge efficiency was maintained at 1 00% during 
20 the repetition and the battery operated stably. 

When this lithium battery was disassembled in its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In addition, the results of measurements of the changes in impedance by. aging, performed by placing the battery 
in its charged state in a thermpstat at 80" C, showed no change in the impedance even after 1 .000 hours. 
2S ^ • 

Example 64 

A procedure similar to that in Example 45 was followed for configuring another solid-state lithium secondary battery 
except for the use of indium-lead-lithium (0.5ln-0.2Pb-0.3Li) alloy foil for the anode. 
30 To prepare the indium-lead-lithium alloy, an indium foil, a lead foil and a lithium foil were brought into close contact 

with each other at an atomic ratio ol 5:2:3 by pressure, and the whole was alloyed to effect solid phase reaction in an 
argon atmosphere at 1 50*0 for 48 hours. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 ^lA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
35 even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% during the 
tests and no change was observed on the charge/discharge curve. 

When this lithium secondary battery was disassembled in its charged state to observe the state of an interface 
• between the anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

40 Example 65 

• Another solid-state lithium secondary battery was prepared in a similar manner to that in Example 45, except for 
the use of gallium-aluminum-lithium alloy powder (0.5Ga-0.3AI-0.2Li) for the anode, 

• To prepare the gallium-aluminum-lithium alloy powder, aluminum powder, gallium powderand lithium foil were rriixed 
45 well. at an atomic ratio of 3:5:2 and pulverised into minute particles in a mortar, which was then allowed to react in an 

argon atmosphere at 1 SO'^C for 24 hours. 

The gailium-aluminum-lithium alloy powder thus obtained was mixed with an ion-conductive lithium glass powder 
represented by the formula 0.02Li3PO4-0.63Li2S-0.35SiS2 at a weight ratio of 2: 1 , and the mixture was then press-mold- 
ed into a disk having a thickness of 0. 1 mm and a diameter of 10 mm to give an anode for use. 

so The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 

density of 100 \iA/crr\^. As a result, the charge/discharge capacity of the battery maintained its initial value even after 
900 charging and discharging cycles. The charge/discharge efficiency was 100% during the tests and there was no 
change in the charge/discharge curve. 

When the lithium secondary battery was disassembled in its charged state to observe the state of the interface 

55 between the anode and the solid electrolyte on a microscope, formation of lithium dendrites was not observed on the 
interface. 

Although the specified lithium alloys are used as the anode in Example 33 to Example 65, a similar technical ad- 
vantage is obtained by any other lithium alloy composed of lithium and at least one metal selected from the group 
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consisting of In, Pb, Zn, Sn, Sb, Bi, Cd, Ga and Ti. 
Example 65 

n n f ol^''"' secondary battery was configured by employing an aluminum foil as the anode active material a 
0.0lLi3PO4-0.03Li2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide (LiCoO,) 
as the cathode active material, respectively. Details thereof are as follows. 

^n.^*'o;-^ o^^o'"''^.""' '°"-<=°"ductlve solid electrolyte in a glass state represented by the formula 
0-01 L13PO4-O.03L12S-O.36S1S2 was pulverized in a mortar to have a particle size corresponding to 1 00 mesh or smaller 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 1 0 mm 

Then, the lithium cobalt dioxide (LiCoOa) was mixed with the above-mentioned pulverized product of lithium ion-con- 
ductrve solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a calhode. 

An anode was prepared by punching the aluminum foil having a thickness of 0. 1 mm into a disk having a diameter 
of 10 nnm. Thereafter, a solid lithium secondary battery was configured by sandwiching the above-mentioned molded 
solid electrolyte between the above-mentioned anode and cathode, by pressure 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of lOO ^/Vcm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 1 .000 cycles. The charge/discharge efficiency was maintained at about 1 00% throughout the repeated charq- 
ing and discharging cycles and the baliery operated slably. 

When this lithium battery was disassembled in Its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen 

In addition, the results of measurements of the changes ,n impedance by aging, performed by placing the battery 
in Its charged state in a thermostat at BO'C, showed no change in the impedance after 1 ,800 hours 

Thus, it is concluded that by using the present invention a lithium secondary battery can be obtained which has hiqh 
safety and is free from the formation and growth of lithium dendrites. 

Examples 67 - 87 

Batteries were configured by repeating the procedures disclosed in Example 66 except for the use of different 
materials for the anode, the solid electrolyte and the cathode In various combinations as listed in Table 7 Table 8 and 
Table 9 below. These batteries were evaluated in a manner similar to that in Example 66. Table 7 Table 8 and Table 9 
summanze the results of evaluations on the batteries configured with these combinations, together with the result of 

example 66. 
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Comparative Example Q 



Comparalive Example 1Q 
Comparative Example 11 

"eac: esroe^S^rS ''r""' ^"'^'^^^'"^ --^-ements of their imp^incel P^rfS' 

Comparative Example 12 

aiH.rTiM?^"^ h''"'" ^ '^''^'^ ^'"""^^ '° '^^^ *" ^^^-^P'^ 66 was configured by employing a 0 6Li,S-0 4P S 

denJ.v^o?'^ 'o7 '!/ 7 ""^"^"^ 1"'' "'^^ """'^'^ '° '='^^^9*"9 discharging cycles at a current 

?col,zed whh C ' IT " '^''^^'^ ="^'^^9^ °' ^'^^ ''^"^^ --Ll percent was 

orm^H r K 1 ' ^^Tl ""^'^'"^ ^""^ discharging cycles.-.n addition, measurements of their impedances oer 
■ZllT ^f/^^/^^' P^^'*^ ^"^^ 'ho charging operation In the course of repeating charging and dischargfng show,;^ an 
Z T ''^'Z^'^^ ^"'^ ♦•^^ cy<='-3. This r.ay suggest that a decL^sition of the^oHd elecToMe 

may occur with the progress of charging and discharging cycles. electrolyte 
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Example 88 

A lithium secondary battery was configured by employing an aluminum-lithium (0.5AI-0.5Li) alloy powder as the 
anode, a 0.01 Li3PO4-0.63Li2S-0.36SiS2 glass as the lithium ion-conductive solid electrolyte and lithium cobalt dioxide 
5 (LiCo02) as the cathode active material, respectively. Details thereof are as follows. . 

First, the lithium ion-conductive solid electrolyte in a glass state represented by the formula 
O.Ol Li3PO4-0.63Li2S-0.36SiS2 was pulverized in a mortar to have a particle size corresponding to 1 00 mesh or smaller, 
and the pulverized product was press-molded into a disk having a diameter of 10 mm and a thickness of 0.5 mm. 

Then, the lithium cobalt dioxide (LiCo02) was mixed with the above-mentioned pulverized product of lithium ion-con- 
10 ductive solid electrolyte in the glass state at a weight ratio of 2:3, and the mixture was press-molded into a disk having 
a diameter of 10 mm and a thickness of 0.5 mm to give a cathode. 

An anode was prepared by mixing the aluminum-lithium (0.5AI-0.5LI) alloy powder with the above-mentioned pul- 
verized product of lithium ion-conductive solid electrolyte in the glass state at a weight ratio of 2:1 , and the mixture was 
press-molded into a disk having a diameter of 10 mm and a thickness of 0. 1 mm to give an anode. 
IS Thereafter, a lithiurn secondary battery was configured by sandwiching the above-mentioned molded solid electro- 

lyte between the above-mentioned anode and cathode, by pressure. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 \xA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% throughout 
20 the repetition and the ballery operated slably. 

When this lithium battery was disassembled in its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

In addition, on the measurement of the changes in impedance by aging, performed by placing the battery in its 
. charged state in a thermostat at 80°C, no change in the impedance was recognized even after 1,000 hours.. 

25 

Example 89 

A manner similar to that in Example 79 was followed to prepare another solid-state lithium secondary battery, except 
for the use of an aluminum-indium-lithium alloy (0-4AI-0.4ln-0.2Li) foil for the anode. 
30 To prepare the aluminum-indium-llthlum alloy foil, an aluminum foil, an indium foil and a lithium foil were all laminated 

together and brought into close contact by pressure to reach an atomic ratio of 2:2:1 . to cause solid phase reaction in 
an argon atmosphere at 150°C for 48 hours. 

The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 
density of 100 uA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
35 even after 900 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% throughout 
the tests and no change was observed on the charge/discharge curve. 

When this lithium battery was disassembled in its charged state to observe the state of an interface between the 
anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

40 Example 90 

A manner similar to that In Example 79 was followed to prepare another solid-state lithium secondary battery, except 
for the use of an aluminum-gallium-lithium (0.4AI-0.3Ga-0.3Li) alloy powder for the anode. 

To prepare the aluminum-gallium-lithium alloy powder, aluminum povyder. gallium powder and lithium foil were 
45 weighed until reaching an atomic ratio of 4:4:3, and then the weighed materials were mixed together in a mortar to cause 
solid phase reaction In an argon atmosphere at 1 50**C for 24 hours. 

To give an anode, the alloy powder was mixed with the lithium ion -conductive glass powder represented by the 
formula 0.02Li3PO4-0.63Li2S-0.35SiS2 at a weight ratio of 2:1 , and the mixture was press-molded into a disk having a 
diameter of 10 mm and a thickness of 0.1 mm. 
50 The lithium secondary battery thus obtained was subjected to repeated charging and discharging cycles at a current 

density of 100 laA/cm^. As a result, the charge/discharge capacity of the battery did not decrease from its initial value 
even after 800 charging and discharging cycles. The charge/discharge efficiency was maintained at 100% throughout 
the tests and no change was observed on the charge/discharge curve. 

When this lithium secondary battery was disassembled in its charged state to observe the state of an interface 
55 between the anode and the solid electrolyte through a microscope, no formation of dendrites was seen. 

Further, although Example 66 to Example 90 are limited to the aluminum-lithium alloy, the aluminum-indium-lithium 
alloy and the aluminum-galliumllthium alloy as the alloys consisting mainly of aluminum and lithium, a similar technical 
advantage is obtained by any other alloy, and thus the present invention should not be limited to the above-mentioned 
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species of alloy. 

ratio of ,l"cathodrrnT'''f I °' « '^^ combination .nd/or compos.tion 
rato of the ca hode material, the anode material and the solid electrolyte are changed within the scope stipulated in the 
present invention, and a similar technical advantage ,s obtained by any of the combinations and/or com Si^ ratios 
Although the present invention has been described ,n terms of the presently preferred embodimemr HsTo be 

becomlTn T.^'^^'T'' '° '"'"^'^^^'"^ modS^ns wili no doubt 

becomeapparentto those skilledintheart to which thepresent Invention pertains, after havinqreadtheabovedis^^^^^^^ 

:rhret:;rer^^^^^ 

Claims 

1 . A solid-state lithium secondary battery comprising: 

metal,^ ^^"'"^ ^ ^''""^ compound selected from oxides and sulfides of a transition 

a lithium ion-conductive solid electrolyte of a glass comprising LigS and 
an anode having as an active material a metal capable of forming an alloy with lithium 
Wherein at least one of said cathode active material and said anode active material contains lithium. 

^' me!arji''ai1ir.Lr "^"''^ " accordance with claim 1 , wherein said anode active material is a single 

metal or an alloy containing at least one metal selected from In. Pb, 2n, Sn, Sb, Bi, Cd, Ga and Ti. • 

f^r^att? w.h nZr°"''^ "^"^^ in accordance w«h claim 2. wherein said anode ac,K,e materia, is in the 

forratte^'tMiZr""''^ '""^ ^ '^"^ ' ^'^^ the 

^' m.tcfr2i'^-''T.''''''r ^^'^^"'^^^ "^^ttery in accordance with ar,y one of claims 1 to 5, wherein said cathode active 
SostVhVrr^ ^'^'^^^^^ ^^^-aO. Li.NiO„ U.^S,. L.MoSrid 

^' • f^urthe?™?Jrir 'T'"^'^ "^T"^ °f claims 1 to 6. wherein said solid electrolyte 

further composes at least one member selected from the group consisting of S\S^, M^S^, P^Sg, and B^Sa. 

^' hr^^,""''^*^ 'f^ ^^f ''^"eiy in accordance with cteim 7. wherein said solid electrolyte is represented 

' . ir;r:er;^^^^ 

10. The solid-state lithium secondary batteiy in accordance with claim 9, wherein said solid electrolyte b represented 
otZ Ts P S id -)>;i. X represents a. least one member selected from th'e group cTsl.;:' 
L pa' fSn Sh I " ! J ^«P^««ents at least one member selected from the group consisting of Li,0 

L13PO4. L12SO4, and L12CO3, and wherein 0.3<a and b<0.3. « '-'2'-'' 
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